Piezoelectric hydrogel nanocomposites are being developed as interface for connecting biological organs and electronics because of their flexibility, biocompatibility, and electromechanical behaviours, which allow environmental stimulations to be converted into electronic signals. The vision of this work is to develop a series of piezoelectric hydrogel nanocomposites which is capable of generating electric current in aqueous condition. Conductive nanoparticles have been composited in the PHEMA-based hydrogel. Theoretical models and characterisations on the electromechanical properties of such hydrogel have been investigated to assist the understanding of the piezoelectric mechanisms. The hydrogel nanocomposite was demonstrated as a self-powered motion sensor to quantitatively detect human motion and can be considered as candidate material for soft energy harvesting electronics. Overall, the work presented in this paper provides theoretical basis, design guidelines, and technical support for the development of soft self-powered electronics, thus unlocking the potential of piezoelectric hydrogel nanocomposites.
Introduction
A huge number of piezoelectric materials or devices have been investigated since the discovery of piezoelectricity over a century ago [1] . In recent years, most studies focus on the piezoelectric application for energy harvesting, by constructing nanoarchitectures using zinc oxide (ZnO) or zirconate titanate (PZT), to enable flexible piezoelectric devices [2] [3] [4] . These piezoelectric energy harvesters, commonly called nanogenerators [5] , are able to give high power outputs in terms of potential or current. Although very promising, these inorganic material-based devices have limitations when employing them in biomechanical [6] or biomedical applications, e.g. lack of biocompatibility or inapplicable for aqueous working environment.
Hydrogel composites, especially those functional nanocomposites, have received intense research interest in the area of cell culture and tissue engineering, by virtue of their high water content and soft physical characteristics that resemble native extracellular matrices [7] [8] [9] . Artificial hydrogels constituted by polymer chains imply a high degree of hydration, swellability, in vitro and in vivo biocompatibility, and a high diffusivity for small molecules [10] . When conductive polymers or particles are doped in the artificial hydrogel, the composited material acquires both the physical properties, e.g. toughness, flexibility [11] , biocompatibility, electroconductivity [12] , or even piezoelectricity [13] . Soft piezoelectrics based on hydrogels, however, are a relatively new development [14] . The applications of hydrogel-based piezoelectrics are particularly promising for connecting biological organs and electronics; thanks to their bio-mimicking physical characteristics.
It has been reported that electric currents can be generated by applying external stimulations on a hydrogel nanocomposite, including mechanical pressure, ultrasound, and chemical Weiwei Zhao and Zhijun Shi contributed equally to this work.
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The online version of this article (https://doi.org/10.1007/s42114-018-0036-3) contains supplementary material, which is available to authorized users. gradients [15, 16] . Dhiman et al. [17] have experimentally demonstrated that acoustic energy can be converted into electric energy using composite of graphene oxide with ad hoc nanoarchitecture. A novel DNA meta-hydrogel designed by Lee et al. [18] can be used as a smart switch in integrated circuit by altering the shape of the hydrogel within aqueous environment to link/unlink the two electrodes. The encouraging function of this meta-hydrogel is attributed to the piezoresistivity which is provided by the doped nano-gold particles. Aqeel et al. [19] composited material with polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), and multi-walled carbon nanotubes (MWCNTs) for the purpose of energy storage and conversion. Shi et al. [20] recently reported that hybrid hydrogel by mixing polyhydroxyethyl methacrylate (PHEMA) and polypyrrole (PPy) possess piezoelectric property which is highly dependent on the concentration of the ions in electrolyte. This material gives opportunities to enable soft self-powered sensors or energy harvesting devices which are capable of working in conductive aqueous environment, e.g. under seawater or in vivo.
In this work, nanocomposites were developed based on poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel and doped with conductive hydrogel or nanoparticles, i.e. graphene oxide (GO) and single-walled carbon nanotubes (SWCNTs). Piezoelectricity in various degrees was observed by applying compressive loadings on these two kinds of hydrogel nanocomposite. It was found that the piezoelectricity is highly dependent on the physical properties of doping materials, such as large surface area of GO or high strength of SWCNTs. Comparison among these two PHEMA-based hydrogel nanocomposites in terms of their microstructures, mechanical properties, and piezoelectric characteristics was carried out by utilising experimental tests and numerical simulations. Additionally, a prototype of a soft self-powered sensor and a polymer-based energy harvestor was designed and developed using the hydrogel nanocomposite. The results from this work provide deep understanding of characterising or predicting the piezoelectric behaviour of PHEMA-based hydrogel nanocomposites, which can facilitate practical applications to be considered using these nanocomposites, thus unlocking the potential of this series of composited materials.
Methodology

Synthesis of hydrogel nanocomposites
Synthesis of PHEMA-GO The monomer HEMA (70 wt%), water (30 wt%), the crosslinker ethylene glycol dimethacrylate (EGDMA, 0.1 mol% of HEMA), and the catalyst tetramethylethylenediamine (TEMED) were mixed to form a homogeneous aqueous solution (HEMA solution). Graphene oxide (GO) in the form of solid particle products (purity ≥ 99 wt%, diameter = 0.5~3 μm, layers ≤ 3, from Chengdu Organic Chemicals Co., Ltd.) was added into the HEMA solution to form a suspension with 1 and 2 mg/ml of GO. This suspension was firstly cooled to 4°C and then mixed quickly with 20 wt% of ammonium persulfate (APS) solution (1 vol% of suspension) under stirring, followed by casting in cylindrical moulds and left to stand for 24 h at 4°C. The reaction of polymerisation was completed until the initiator APS was fully consumed. The suspended GO particles were bonded by both physical and chemical bonds with PHEMA matrix [21, 22] . This synthetic process and the content of chemicals used in the process were chosen based on that it can give the composite best mechanical and electrical characteristics [23] .
Synthesis of PHEMA-SWCNTs Similar to the synthetic process for PHEMA-GO, the nanoparticles in terms of single-wall carbon nanotubes (SWCNTs, purity ≥ 90 wt%, length = 1~3 μm, from Chengdu Organic Chemicals Co. Ltd.) were added into the HEMA solution to form a suspension with 1 and 2 mg/ml of SWCNTs. The rest of the synthetic process is the same as that of PHEMA-GO.
Purified treatments of the hydrogel composites After the synthesis of the hydrogel composites, a swelling and cleansing process has to be conducted to release the residual stress between polymer chains and remove the water-soluble contaminations [24] . In this work, the hydrogel composite samples in geometry of cylinders (see Fig. 1a ) after synthesis were immersed in phosphate-buffered saline (PBS) to absorb ions. PBS was used as an electrolyte in purpose of mimicking a biocompatible environment for any potential bioelectric applications [25] . During this stage, ions and solvent molecules entered into the gaps between molecular chains and pushed them apart. Meanwhile, the solvent molecules attached on the chains and occupied the space between the hydrogel chains, which made the volume of swollen hydrogel composites larger than that of samples before the swelling. The PBS was renewed every 4 h to remove the residuals inside the composites. Such renew process was conducted for six times before conducting experimental tests on the samples.
Experimental configurations
According to the microstructure and hydrophilic property of PHEMA molecular chains, large amounts of water molecules fill up the gaps between the chains when the PHEMA-based hydrogel is at its swollen status. These water molecules may be evaporated from the surface of the sample if it is exposed to a dry environment, thereby resulting in hydrogel sample shrinking and hardening [26] . Thus, the mechanical properties of hydrogel are dependent to the degree of swelling of the sample when doing experimental tests. To minimise the impact of degree of swelling on the mechanical characteristics, each of the hydrogel samples was extracted from PBS only when conducting the experimental tests in this study. After one setting of experiment, samples were immediately immersed in PBS to maintain their swollen state.
In this work, the goal of the experimental approaches is to obtain four types of properties of the hydrogel nanocomposite: (1) general mechanical properties, (2) dynamic mechanical properties, (3) static piezoelectric properties, and (4) dynamic piezoelectric properties.
A SANS Series CMT 4000 model of compressive test apparatus (MTS Industrial System Co., Ltd., China) equipped with 500 N load cell (Transcell Scale Co., Ltd., USA) was employed for uniaxial compressive test and cyclic loading test. Uniaxial compressive test is able to give general mechanical properties of the material, including the basic correlations between stress and strain, ultimate strength, and the tangent modulus. Dynamic mechanical properties of the hydrogel nanocomposite, such as the size of hysteresis, recoverability, and the type of strain rate dependence, can be obtained from cyclic loading test.
To quantitatively evaluate the relationship between mechanical deformation and electric output of the hydrogel nanocomposites, a circuit was built. Two copper electrodes were installed between samples and actuator. Insulating layers were inserted between copper electrodes and actuator to avoid forming of interferential circuit by the machine body. When compression is taking place, the ionic current generated by the compressed hydrogel nanocomposite passes through the electrodes and is detected by a digital microammeter (Shenzhen Yisheng Victor Tech Co., Ltd., China). Thus, synchronising of stress, strain, and current/voltage generated by the hydrogel nanocomposite in terms of time can be recorded and displayed. In this work, generated current density was measured under a constant compressive load. Thus, compressive strain of the sample was maintained as 30% for 180 s. Equilibrium of generated current with variation was recorded as the result of static piezoelectric property.
A modal oscillating system was employed to investigate the dynamic piezoelectric properties, for instance, the impact of the frequency of load on the generated voltage. It consists of a function wave generator (UTG2025A, UNI-T Co., Ltd., China), a power amplifier (YE5872A, Shiao Tech Co., Ltd., China), a modal oscillator (JZK-10, Shiao Tech Co., Ltd., China), and an oscilloscope (UTD2102CEX, UNI-T Co., Ltd., China). Signals in the form of simple harmonic wave and periodic oblique wave with the amplitude of 1 Vpp were generated from the function wave generator. These signals were utilised as original source to guide the movement of the actuator of the oscillator. To achieve 30% strain of the sample, the amplitude of the actuator was set at 4.8 mm which requires 5 A of working current of power amplifier. High impedance and a 9.5 A of maximum allowed current were set in the power amplifier, and it guaranteed the minimal variance of the amplitude of the moving actuator. The oscilloscope was used to display and record the high frequency of electric signal output which is generated from the hydrogel nanocomposites.
Theoretical basis for numerical simulation
To gain fundamental understanding of the piezoelectric properties of these PHEMA-based hydrogel nanocomposites, numerical simulation was conducted using COMSOL Multiphysics software (Burlington, MA, USA). The numerical simulation was built based on the HelmholtzSmoluchowski equation [27] and the piezoelectric constitutive equation [28] . The coupling of mechanical parameters (e.g. stress or strain) and electric parameters (e.g. charge density or electric field) of material in a stress-charge form is given by
where T and S are the stress tensor and the strain tensor, respectively. Their size both are 6 × 1. D and E are the chargedensity displacement and electric field, respectively, with the size of 3 × 1. c E is the stiffness matrix (6 × 6) which can be determined from viscoelasticity of the PHEMA-based hydrogel composites. Piezoelectric coupling coefficients for the equation in the stress-charge form were obtained from the relationship between compression and generated potential from experimental observations and reflected in the symmetric matrix e, with the size of 3 × 6. ε S is the relative permittivity matrix (3 × 3, symmetric). It is one of the physical properties of conductive hydrogel that can be experimentally determined by conducting dielectric thermal analysis (DETA).
To maintain the maximum computational efficiency, 2D symmetric geometry instead of full 3D geometry was built in COMSOL. The meshing elements were ranging from 0.0045 to 0.795 mm. Maximum element growth rate was 1.3. Stationary solver was used to find the physical results in terms of the stress-strain correlations, potential distribution, and directions of generated current that can be compared with experimental results.
Results and discussion
Microstructural characteristics
The microstructures of the fabricated PHEMA hydrogel and PHEMA-based nanocomposites including PHEMASWCNTs and PHEMA-GO were examined by SEM, and the results are shown in Fig. 1 . The microstructure of PHEMA hydrogel exhibits good uniformity and high degree of compactness (see Fig. 1b ), because PHEMA hydrogel is polymerised from homogeneous aqueous solution with discrete uniform density. Characteristics in terms of fibre-like and flake-like nanostructures can be respectively found in Fig. 1c, d corresponding to the SEM images for the samples of PHEMA-SWCNTs and PHEMA-GO. No porous structure is observed in these two images because of the mild synthetic processes (no bubbles emission) of PHEMA-SWCNTs and PHEMA-GO samples in room temperature. Accordingly, nanoparticles in terms of SWCNTs and GO were physically embedded and fixed in the PHEMA matrix during the polymerisation. Owing to the fact that the suspension was treated with ultrasonic dispersion before polymerisation, these nanoparticles were uniformly distributed thereby being evenly distributed in PHEMA matrix after polymerisation. Microstructures shown in Fig. 1 (i. e. compact or doped) lead to various mechanical characteristics of the PHEMA-based nanocomposites.
Mechanical characteristics
Uniaxial compressive testing was performed on the hydrogel nanocomposites by applying a uniaxial load until the sample fails. Figure 2a provides the comparison in terms of stressstrain correlations among PHEMA and PHEMA-based hydrogel nanocomposites (more comparative results can be found in supplementary materials, Figs. S1 and S2). Nonlinear correlations between stress-strain can be observed for both PHEMA and those composites. Peppas and Benner briefly discussed the nonlinear mechanical properties for hydrogels in their publication [29] . Zhao et al. [30, 31] numerically and experimentally demonstrated that this nonlinear mechanical behaviour can be attributed to (i) the hyperelasticity of PHEMA if it is a compact microstructure and (ii) the viscoelasticity of PHEMA if it is a composited microstructure, because of the microporous that existed between the PHEMA matrix and the nanoparticles. In both reasons, the nonlinearity makes the Young modulus no longer applicable for describing and predicting the mechanical properties of these composites.
The tangent modulus, also known as the instantaneous modulus [32] , is commonly utilised to represent the trends within a series of stress-strain curves. Two distinct regions can be identified in the tangent modulus curve (Fig. 2b ) in relation to strain: (a) a linear increase in the initial stage and (b) a nonlinear increase in the second stage. This result strongly agrees with the analysis on the porous hydrogel reported by Zhao et al. [26] that linear tangent modulus can be found in a low compressive strain range (under 60% for PHEMASWCNTs and under 40% for PHEMA-GO) because circular pores deform to oval-shaped pores at microscale at this stage. Viscoelasticity with nonlinear tangent modulus is revealed at a large strain (above 60% for PHEMA-SWCNTs, above 40% for PHEMA-GO 40%) since the micropores are completely squeezed. Therefore, the resilience opposing the compression is fully supported by the hydrogel material itself, without the assistance of its structural resilience. Figure 2c schematically illustrates a group of typical stress-strain curves from cyclic test for viscoelastic material. In the plotting of stress-strain, the path of loading is above the path of unloading, forming a phase lag loop. This loop is known as the hysteresis loop and represents the amount of energy lost in a loading and unloading cycle. Viscoelasticity is significant when applying cyclic loading to the hydrogel composite since hysteresis loop (defined in Fig. 2c ) is observed in Fig. 2d , e. These two graphs were plotted based on data from 20 cycles of loading/unloading tests. The significant hysteresis loops in these two graphs qualitatively indicate that the PHEMA-based hydrogel nanocomposites are strain rate-dependent materials and are fully recoverable to cyclic compressive stress. Thus, it can be treated as a typical viscoelastic material. According to the characteristics of viscoelastic material [33, 34] , the speed for hydrogel composite to restoring its relaxed state is depending on temperature only. If the unloading speed is larger than the relaxation rate of the material, a double loop reveals (Fig. 2e) . It demonstrates that the hydrogel nanocomposite displays strain rate-dependent hardening in response to cyclic compression and possesses typical mechanical characteristics for natural hydrogels or soft tissues such as mammal kidney [35] , liver [36, 37] , or bacterial cellulose [38] .
To quantitatively determine the viscoelasticity of the hydrogel nanocomposites, the size of hysteresis defined as the ratio of the unloading-to-loading area is calculated. Due to the energy loss, loading area is always larger than (or equals to) the unloading area for each cycle, which makes the ratio of the unloading-to-loading area smaller than (or equals to) the value 1. As a result, the ratios of unloading-to-loading area with respect of strain rate and nanoparticles composited in PHEMA-based hydrogels are summarised in Table 1 . For both two kinds of PHEMA-based hydrogel composites, the ratios of unloading-to-loading area exhibit a decreasing trend with the increasing strain rate. The pure PHEMA possesses the smallest variation of ratio in terms of the change of strain rate, i.e. 0.96~0.99, because of its hyperelasticity [31] . The largest variation can be observed from the data for PHEMA-GO (2 mg/cm 3 ) ranging from 0.824 to 0.985. It attributes to the significant viscoelasticity caused by the intensive porous microstructure of PHEMA-GO created by high concentration of GO nanoparticles. Comparing with the unloading-to-loading ratio for PHEMA-GO hydrogel samples, SWCNTs have less impact on the mechanical properties of the composited material. For the same type of hydrogel nanocomposite, the concentration of nanoparticles is imperative to the viscoelastic properties of the composite. Table 1 elaborates that higher concentration of nanoparticles leads to large variation of the unloading-to-loading ratio.
As a brief summary of the results from uniaxial cyclic compressive tests, PHEMA-based hydrogel nanocomposites possess nonlinear mechanical characteristics which can be categorised into viscoelastic materials. The material's deformation under stress is fully recoverable before reaching its ultimate strength. The recovery of deformation after releasing of the external loadings is attended by energy loss, which appears as the hysteresis. The degree of hysteresis is highly dependent on the concentration and the type of nanoparticles in those PHEMA-based hydrogel nanocomposites.
Piezoelectric characteristics
The PHEMA-based hydrogel nanocomposites synthesised in this work give electric responses in the form of potential pulse to the stress during the mechanical compressive tests, thereby inducing current in the circuit. Synchronising of the voltage created by PHEMA-SWCNTs hydrogel nanocomposite with strain has been illustrated in Fig. 3 . Each period of the input compressive strain (primary axis) contains three stages: (1) loading stage, the strain increases from 0 to 30%, (2) unloading stage, the strain decreases from 30 to 0%, and (3) free stage, the strain stays at 0 because no loading was applied on the sample. Secondary axis quantified the electric output in the form of charge. As is shown in Fig. 3 , with the time increasing, electric pulse can be observed immediately when Cyclic compression at a strain rate of 25% per minute for d PHEMASWCNTs and e PHEMA-GO hydrogel. Hysteresis varies with the change of strain rate. More results for this cyclic compression (strain rate of 50, 500, 1000, and 2000% per minute) can be found in the supplementary materials as Fig. S3 compression is applied in loading stage. It reveals the fast piezoelectric response of the composited material to the stress. The output voltage maintains at approximately 15 mV during the loading-unloading period. The output voltage is primarily associated with the mean value of the compressive stress which is applied on the sample. Then, the output experiences a collapse at the end of the unloading stage. No output except the white Gaussian noise can be found in the free stage which is corresponding to the complete removal of the compressive stress. Comparing simple harmonic input ( Fig. 3a) with periodic oblique input (Fig. 3b) , electric outputs are nearly identical. However, frequency of the mechanical input significantly impacts the electric output. Table 2 summarises the values of maximum output voltage of hydrogel nanocomposites under a series of frequencies of the mechanical input. For the overall trend, the values of maximum output voltage obtained under 5 Hz of mechanical loading are larger than those under 1 Hz of mechanical input. With further increase of the frequency, no distinct correlations can be obtained. Therefore, these results demonstrate that the electric response of the hydrogel nanocomposite is insensitive to the wave form of the mechanical compressive stress but significantly depends on the frequency of the load in the range of 0~5 Hz.
To investigate the static piezoelectric properties, a constant load was applied on the sample. Due to the impact of the white Gaussian noise, averaged current density was chosen as the characteristic parameter to indicate the electric output generated by the hydrogel nanocomposites under static mechanical stress. The averaged current density with respect of the types and concentrations of the nanoparticles in hydrogel composite are summarised as a histogram, which is shown in Fig. 4 . By generally observing the height of bars displayed in Fig. 4 , the purple bars are all higher than the red bars. It demonstrates that larger compression induces larger electric output for all types of PHEMA-based hydrogel nanocomposites. The maximum current density can be found from the group of PHEMA-GO under compression of 0.2 MPa at 4.2 ± 0.5 μA/cm 2 , while PHEMA-GO (1 mg/cm 3 ) gives the smallest current density under compression of 0.1 MPa at the value of 1.3 ± 0.09 μA/cm 2 . Chang et al. reported that piezoelectric responses can be observed if GO particles are orderly distributed in compounds [39] . This understanding is in line with the experimental observation of the microstructure of PHEMA-GO hydrogel in this work, shown in Fig. 1d . In terms of PHEMA-GO hydrogel nanocomposite, the corresponding current densities are significantly improved, i.e. approximately doubled, if it changes the GO concentration in the hydrogel from 1 to 2 mg/cm 3 both under the compressive conditions of 0.1 or 0.2 MPa. Similar dependence of piezoelectric responses on the concentration of GO in the composite has been obtained and reported in literature [40] . It can be explained in terms of the behaviour of GO at nanoscale, i.e. higher GO concentration in composited material giving more chances of forming Dirac points with zero bandgap [41] among the GO interconnections when the material is enduring stress, whereas leading to higher potential and larger current in the circuit. 2) to represent the relationship between energy bandgap (E gap ) and deformation (σ) for carbon nanotubes in their publication [42] given by
where α = 2.5 Å, a and b are constants of the base material, φ is the chiral angle, r is the radius of the CNTs, and γ is the Poisson ratio. This understanding explains the observed dependence of generated current on compressive stress for PHEMA-SWCNT hydrogel composite, i.e. higher stress induces larger deformation whereas leading to a reduced value of energy bandgap (E gap ); hence, it is easier for electrons to jump from a valence band to a conduction band and give out potential or current in the external circuit. Interestingly, it can be read from Fig. 4 that increasing SWCNT concentration in PHEMA-SWCNT composites causes the decrease of corresponding current density. During the synthetic process of adding highly concentrated SWCNTs into the HEMA solution, intensive network can be substituted for a bunch of carbon nanotubes that is formed by the nanoparticles because of the van der Waals attraction force [43] . Thus, after polymerisation, the interfacial bonding between SWCNTs was improved in the PHEMA matrix. Due to the fact that CNTs have high strength and toughness [44] [45] [46] [47] , axial slipping of nanotubes within the bunches has more probability to occur, rather than the yielding of the CNTs. As a consequence, mechanical energy in terms of stress applied on the nanocomposites is more likely to be transferred into friction induced by slipping, instead of electric energy output, i.e. potential or current.
Numerical simulation
To deeply investigate the relationship between mechanical loading and electric output inside the sample, simulations for PHEMA-based hydrogel nanocomposites were established in the COMSOL Multiphysics software. The size of the samples in the simulation deliberately replicates the dimensions of the samples used in experimental approaches, with a height of 15 mm and a diameter of 14 mm. The bottom of the cylindrical sample is set as the ground (zero electric potential).
Compressive load is applied on the top of the cylindrical geometry. Figure 5a , b illustrates the electric potential distribution when the samples are compressed by 30% strain. The maximum electric potential is obtained at the centre of the top surface, with the value of 3.511 and 5.088 mV, corresponding to the samples of PHEMA-GO and PHEMA-SWCNTs, respectively. On the top surface, the electric potential gradually decreases from the centre to the edge along the radius. According to the grounded bottom surface (zero electric potential), the output voltage (u output ) generated by the hydrogel sample can be calculated by conducting surface integral of the potentials on the whole top surface. The current density can be obtained through dividing the output voltage (u output ) by total inner resistance that was experimentally individual measured for each kind of hydrogel nanocomposites. Accordingly, the correlations between current density and the applied compression can be worked out through numerical simulation and plotted as lines in Fig. 5c . From a general observation, current density and applied compression are in positive proportional relationship for each kind of hydrogel nanocomposite. The overall trend evidently shows that a high compressive load on the sample leads to a high generated current density.
As a verification of the numerical simulation, Fig. 5c compares the simulation and experimental results in terms of The results from the ANOVA tests are calculated as F(1.43) < F critical (2.13) and F(0.008) < F critical (0.47), for the samples of PHEMA-GO and PHEMA-SWCNTs, respectively. The results statistically demonstrate that there is no significant difference between simulation and experimental data, thereby confirming the identical linearity of the current-stress correlations based on simulation and experimental data for the PHEMA-based hydrogel nanocomposites. Thus, it also quantitatively proves that using the Helmholtz-Smoluchowski equation and the piezoelectric constitutive equation is able to describe or predict the piezoelectric characteristics of PHEMA-based hydrogel nanocomposites with 95% confidence (1-α).
Prototyping of self-powered electronics
Flexible self-powered sensor
The piezoelectric characteristics give PHEMA-based hydrogel nanocomposites the chance of being the candidate material for making sensors or energy harvestors. Aiming to prototype the nanocomposites into application, a flexible self-powered sensor has been successfully built up. This sensor is capable of monitoring the patterns of human motion in real time, without assistance of any external electric power sources, e.g. batteries.
The self-powered sensor is made of PHEMA-SWCNT hydrogel nanocomposite, copper film, and silicone scaffold, thus developing its completely flexible mechanical property. The structure and assembly of the sensor prototype is similar to the proof-of-concept device in our previous work [20] and is schematically illustrated in Fig. 6a, b . Two cylindrical PHEMA-SWCNT hydrogel samples (∅14mm × 15mm) were embraced in a silicone scaffold and were installed between two copper electrodes. The samples were pasted with the copper electrodes using conductive resin to avoid detachment of the samples and the electrodes during the test. The assembly unit was sealed and installed in the sole of a sport shoe. The hydrogel samples were at their swollen status, thereby presenting their soft and viscoelastic mechanical characteristics. The testee with a weight of 70 kg wore the shoes which is equipped with the soft selfpowered sensor and took the actions of walking, running, jumping, and standing to verify the function and examine the powering capacity of the sensor prototype. Figure 6c represents the electric output monitored by CH 660D electrochemical station (CH Instruments, Inc.). According to Fig. 6c , the varying ranges of the generated current from walking, running, jumping, and standing are read as − Fig. 5 a, b Electric potential distribution under compression at 30% strain for nanocomposited hydrogels from numerical simulation. c Comparison of simulation based on piezoelectric theory and experimental observation from constant load tests 38~42 mV, − 72~66 mV, − 68~84 mV, and 0~8 mV, respectively. Evidently, dynamic outputs including walking, running, and jumping are much higher than the static output, e.g. standing. The patterns of human motion in detail can be found from the recordings of the electric outputs. tween those of walking and running. However, jumping gives the largest peak voltage at 84 mV for the whole period of test, which is corresponding to the force to take off. The peak interval is extended from 0.57 to 1.01 s when comparing jumping with walking and running. This interprets that it requires more time to apply the force to jump, thereby resulting in longer compressive time to the samples. (4) The electric output is relatively stable when the testee is standing because constant load applies on the sample due to the gravity of the testee. It gives an average of 8 mV when the foot with sensor steps on. When the foot with sensor was lift off, 0 ± 2 mV of voltage can be obtained. It verifies the results of the static piezoelectric properties of the PHEMAbased hydrogel nanocomposites. Therefore, the as-prepared flexible self-powered sensor is able to identify different human motions by analysing the frequency, peak amplitude, and peak interval of the output voltage signals.
Polymer-based energy harvestor
Because of the piezoelectric characteristics of PHEMAbased hydrogel nanocomposites, a prototype of energy harvestor based on PHEMA-GO hydrogel nanocomposite (2 mg/cm 3 ) has been built and tested. Figure 7a demonstrates the electronic circuit of the prototype. Energy in the form of mechanical compression or cyclic load is transformed into electric output in the form of fluctuating voltage by PHEMA-GO hydrogel sample, because of its piezoelectric property. Such electric output is then delivered to a bridge rectifier, therefore being transformed into DC voltage, and charges the capacitor when the switch is at position A. In this stage, the device harvests the energy from the external environment in terms of mechanical deformation or loading and stores the energy in the capacitor in the form of electric field energy. When the switch is at position B, the stored energy unleashes as electric current, which is capable of lighting the LED up. Experimental setup has been shown in Fig. 7b-d . In this work, cyclic compressive loading at maximum 30% strain and 10 Hz of frequency was conducted as the mechanical energy input. One LED was successfully lit up for approximately 0.2 s after harvesting the mechanical energy for 4 min. The increased maximum compressive strain associated with pressing the hydrogel sample at higher frequencies leads to higher electric outputs, thereby resulting in longer lighting time of the LED.
Although both the self-powered sensor and the energy harvesting device are promising in terms of the ability to fabricate novel hydrogel-based nanocomposites and integrate them into Fig 6 a Assembly of selfpowered sensor based on PHEMA-SWCNT hydrogel. b Three cylindrical PHEMA-SWCNT hydrogel samples were constrained by a silicone scaffold and placed between two copper electrodes. c Electric output of the inserted sensor prototype in voltage when testee (weight at 70 kg) is walking, running, jumping, and standing functional devices, significant improvements on the output power density remain to achieve a practical application.
Conclusion
A new class of hydrogel nanocomposites has been synthesised through compounding artificial hydrogel (PHEMA) and conductive materials (graphene oxide, carbon nanotubes). Such PHEMA-based hydrogel nanocomposites reveal soft, biocompatible, and electromechanical properties when enduring stress. Adding of conductive molecules or particles alters the mechanical characteristics of the composites from hyperelasticity (i.e. the mechanical property for pure PHEMA hydrogel) into viscoelasticity. The mechanical investigation on the hysteresis explains the observed dependence of degree of hysteresis on the concentration and the type of nanoparticles.
The piezoelectric characteristics of PHEMA-based hydrogel nanocomposites in terms of PHEMA-GO and PHEMA-SWCNTs have been intensively assessed in this paper. Electric output for each composite, e.g. intensity of the generated current, has been recorded under uniaxial compressive test and cyclic test which were conducted in aqueous environment. Increasing concentration of GO enhances the piezoelectric property of PHEMA-GO hydrogel nanocomposite. However, the concentration of SWCNTs has negative impact on the piezoelectric property due to the internal slipping within a bunch of the nanotubes. As increasing the compressive stress from 0 to 0.2 MPa, the values of the density of generated current were quantitatively proved as linearly increased for both PHEMA-GO and PHEMA-SWCNT hydrogel nanocomposites. This conclusion has been verified by conducting the numerical simulation based on the HelmholtzSmoluchowski equation and the piezoelectric constitutive equations.
A proof-of-concept device in terms of energy harvestor verifies the viability of converting mechanical energy into electric output by the PHEMA-GO hydrogel nanocomposite. Accordingly, a soft self-powered sensor made of PHEMA-SWCNT hydrogel nanocomposite was assembled using the nanocomposite investigated in this work. The motion patterns of testee can be clearly obtained when the sensor is installed in the soles of shoes. In conclusion, the results from this study demonstrate the PHEMA-based hydrogel nanocomposites can be considered as promising candidate materials to assist the application of soft electronic devices, such as soft selfpowered sensor or energy harvesting device, and to be used in bioengineering field, in vitro or in vivo. Fig. 7 a, b The design and the electronic circuit of the energy harvestor device, respectively. c Charged device with switch at BA^position. d The moment of turning the switch from position BA^to BB^. The LED flashes owing to the electric energy stored in the capacitor
